Differentiation between stunned and infarcted myocardium in the setting of acute ischemia is challenging. Real time myocardial contrast echocardiography allows the simultaneous assessment of myocardial perfusion and function. In the present study we evaluated infarcted and stunned myocardium in an experimental model using real time myocardial contrast echocardiography. Sixteen dogs underwent 180 min of coronary occlusion followed by reperfusion (infarct model) and seven other dogs were submitted to 20 min of coronary occlusion followed by reperfusion (stunned model). Wall motion abnormality and perfusional myocardial defect areas were measured by planimetry. Risk and infarct areas were determined by tissue staining. In the infarct model, the wall motion abnormality area during coronary occlusion (5.52 ± 1.14 cm 2 ) was larger than the perfusional myocardial defect area (3.71 ± 1.45 cm 2 ; P < 0.001). Reperfusion resulted in maintenance of wall motion abnormality (5.45 ± 1.41 cm 2 ; P = 0.43 versus occlusion) and reduction of perfusional myocardial defect (1.51 ± 1.29 cm 2 ; P = 0.004 versus occlusion). Infarct size determined by contrast echocardiography correlated with tissue staining (r = 0.71; P = 0.002). In the stunned model, the wall motion abnormality area was 5.49 ± 0.68 cm 2 during occlusion and remained 5.1 ± 0.63 cm 2 after reperfusion (P = 0.07). Perfusional defect area was 2.43 ± 0.79 cm 2 during occlusion and was reduced to 0.2 ± 0.53 cm 2 after reperfusion (P = 0.04). 2,3,5-Triphenyl tetrazolium chloride staining confirmed the absence of necrotic myocardium in all dogs in the stunned model. Real time myocardial contrast echocardiography is a noninvasive technique capable of distinguishing between stunned and infarcted myocardium after acute ischemia.
Introduction
After acute coronary occlusion, the restoration of epicardial blood flow results in a complex and variable myocardial reperfusion to the post-ischemic myocardium. Although flow to previously ischemic but viable tissue returns to normal, contractility remains altered due to myocardial stunning (1) . The ability to determine whether regional left ventricular dysfunction is secondary to myocardial stunning or necrosis by a noninvasive method would be of important clinical value.
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Myocardial contrast echocardiography is an evolving method that has the potential to assess myocardial perfusion in patients with acute coronary artery disease (2) . The method has been validated for the assessment of risk area and infarct size during total coronary occlusion in experimental models (3) (4) (5) (6) . However, previous techniques using intermittent harmonic imaging have demonstrated limitations regarding the wall motion analysis and time required for image acquisition (2, 5, 7) . Real time myocardial contrast echocardiography (RTMCE) is a recent technique that uses very low mechanical energy allowing the evaluation of microbubbles in the coronary circulation without their destruction, and simultaneous assessment of myocardial perfusion and function (7) (8) (9) (10) .
The present study was undertaken to determine by RTMCE the infarct size and stunned myocardium in an open-chest canine model of coronary occlusion and reperfusion, and their correlation with tissue staining.
Methods

Animal preparation
This study followed the guidelines of the "Position of the American Heart Association on Research Animal Use". Twenty-three mongrel dogs were anesthetized with sodium pentobarbital (30 mg/kg body weight, intravenously), intubated and mechanically ventilated. The heart was exposed through left lateral thoracotomy and suspended in a pericardial cradle. The proximal left anterior descending coronary artery was dissected free from surrounding tissue, a transit-time flow probe (Transsonic Systems, Inc., Ithaca, NY, USA) connected to a digital flowmeter was placed around the vessel and, at the time of coronary occlusion, a non-traumatic occluder was used. A 7F catheter was positioned in the left carotid artery to monitor systemic arterial pressure (Biopac Systems, Goleta, CA, USA) and another catheter was introduced into the jugular vein for drug infusion.
Study protocol
Sixteen dogs weighing 17.5 ± 3.6 kg were submitted to 180 min of left anterior descending coronary artery occlusion followed by 30 min of reperfusion (infarct model). Baseline RTMCE was obtained when hemodynamic stability had been achieved. The left anterior descending coronary artery was then occluded and a flowmeter signal was used to confirm complete coronary occlusion. At 180 min of occlusion, RTMCE was performed to determine the perfusional myocardial defect (PMD) and wall motion abnormality (WMA) areas by planimetry. RTMCE was repeated 30 min after reperfusion in order to assess infarct area and residual stunned myocardium. Hemodynamic data and epicardial left anterior descending coronary artery flow were determined at the same time as RTMCE acquisition.
In seven other dogs (mean weight = 20.5 ± 4.5 kg) the time of left anterior descending coronary artery occlusion was restricted to 20 min in order to cause ischemia without myocardial necrosis, followed by 30 min of reperfusion (stunned model). RTMCE, coronary flow measurements and hemodynamic data were obtained at baseline, at 20 min of coronary occlusion and at 30 min of reperfusion.
Myocardial contrast echocardiography
Echocardiographic images were acquired using a broadband 4-2-MHz transducer (HDI 5000, Philips Medical Systems Company, Bothell, WA, USA) in the longitudinal apical view. A water-filled latex interface was used to optimize imaging. Specific instrumentation settings of power pulse inversion imaging were: mechanical index ranging from 0.09 to 0.12 (usually 0.1), low dynamic range and maximal line density. After adjustment, these parameters were maintained constant for each experiment. Manually triggered, transient, high mechanical index imaging (flash) was deflagrated at peak contrast intensity to destroy microbubbles within the myocardium and allow subsequent myocardial replenishment (7, 11) .
The contrast agent used was perfluorocarbon-exposed sonicated dextrose albumin (PESDA), that consisted of microbubbles containing decafluorobutane surrounded by an albumin shell, with a mean microbubble size of 3-5 µm, and a concentration of 10 9 microbubbles/ml (12) . RTMCE was performed with continuous intravenous infusion of 0.1 ml/kg PESDA diluted in 80 ml of normal saline at a rate of 2-4 ml/min, injected through the jugular vein.
Left ventricular systolic function was visually assessed and WMA area was determined by planimetry using a software built into the echocardiographic system. After the flash, we evaluated the myocardial perfusion and a single contrast-enhanced end-diastolic frame was used for the measurement of PMD area at the time of maximal myocardial replenishment. The myocardial thickness of the interventricular septum and free wall segments was measured in the anatomical specimens and compared to two-dimensional echocardiography in order to obtain the best correlation between the anatomical slice and the echocardiographic frame.
Risk area was defined by RTMCE as the PMD area during left anterior descending artery occlusion, and in nine dogs it was compared to the myocardium at risk as determined by Evans blue staining. We considered infarct size determined by RTMCE to be the residual PMD area after coronary reperfusion, and compared it to the anatomical necrotic area determined by 2,3,5-triphenyl tetrazolium chloride (TTC) staining (13) . The stunned myocardium was defined as the area that remained with WMA but presented normal myocardial perfusion after reestablishment of coronary flow, with the absence of infarction confirmed by tissue staining. In the infarct model, the stunned area was calculated as WMA minus PMD area after 30 min of coronary reperfusion.
The images were stored on videotape and an optical disk for off-line processing and analysis. All measurements were performed by two blinded observers and interobserver variability about the data for all dogs of the infarct model was determined.
Tissue staining
At the end of each experiment, the heart was arrested with intravenous potassium chloride and excised. The left anterior descending coronary artery was again occluded at the same site and cannulated immediately after occlusion. The ostium of the right coronary artery and the main left branch were also cannulated. Evans blue dye (1 mg/kg) was infused through the catheter positioned in the right coronary artery and left main branch and a 2% solution of TTC was simultaneously injected into the left anterior descending coronary artery. Evans blue stained the regions not perfused by the left anterior descending coronary artery and was used to determine the risk area (unstained area). The heart was sectioned longitudinally and the slice corresponding to the echocardiographic view was incubated in TTC at 37ºC for 30 min. This technique stains viable myocardium brick red and does not stain necrotic tissue. Regions that failed to demonstrate brick red staining, appearing pale yellow, were considered to be infarcted myocardium (14) (15) (16) . The stained slices were digitalized into an off-line computer. Risk areas, unstained by Evans blue, and necrotic, unstained by TTC, were measured by planimetry.
Statistical analysis
Continuous and normally distributed data are reported as mean ± one standard devia-
measures analysis of variance or Friedman test, as appropriate. Correlations between the RTMCE and anatomical data, as well as interobserver variability, were determined by linear regression using Spearman's rank statistic and agreement analysis. A P value <0.05 (two-sided) was considered to be statistically significant.
Results
Technically adequate data for wall motion and myocardial perfusion were obtained for all dogs. Hemodynamic data for the infarct and stunned models are shown in Table  1 . Left anterior descending coronary artery flow was reduced to almost zero during occlusion. During the first minute of reperfusion, we observed a period of reactive hyperemia with an increase of 2.3 times (50.8 ± 22.0 ml/min) the baseline left anterior descending coronary artery flow in the infarct model, and of 2.6 times (55.5 ± 25.6 ml/min) the baseline left anterior descending coronary artery flow in the stunned model. At the time of echocardiographic evaluation after reperfusion, left anterior descending coronary artery flow had returned to baseline levels.
Infarct model evaluation
At baseline, both left ventricular function and perfusion were normal in all dogs. We observed WMA soon after coronary occlusion that persisted until reperfusion. During coronary occlusion the WMA area (5.52 ± 1.14 cm 2 ) was larger than the PMD area (3.71 ± 1.45 cm 2 ; P < 0.001). After coronary reperfusion, there was maintenance of WMA area (5.52 ± 1.14 cm 2 during occlusion and 5.45 ± 1.41 cm 2 during reperfusion; P = 0.43) and a significant reduction of PMD area, from 3.71 ± 1.45 to 1.51 ± 1.29 cm 2 ; P = 0.004 (Figure 1) .
During coronary occlusion, regions that failed to show contrast enhancement (risk area) were well defined and generally transmural. In contrast, after reperfusion regions that remained with PMD (infarct area) were irregular in shape and frequently subendocardial ( Figure 2) . In nine dogs of the infarct model with Evans blue staining, RTMCE consistently underestimated the risk area, which was smaller than that determined by tissue staining (4.58 ± 1.30 vs 6.01 ± 0.91 cm 2 ; P = 0.015). However, there was a good correlation between the RTMCE measurements and staining (r = 0.73; P = 0.03; Figure 3 ).
Infarct size determined by RTMCE was 1.51 ± 1.29 cm 2 and necrotic area determined by TTC staining was 1.99 ± 1.23 cm 2 (P = 0.29), with a strong linear correlation between these two measurements (necrotic area by TTC = 0.83 X infarct size by RTMCE + 0.73 cm 2 ; r = 0.71; P = 0.002), as shown in Figure 4 .
After 30 min of coronary reperfusion, myocardial perfusion was reestablished in the left anterior descending coronary artery territory, except in the infarcted areas. However, these regions continued to show impaired contractility even with normal perfusion. The stunned myocardium area (myocardium with WMA and without PMD) determined by RTMCE was 4.00 ± 0.29 cm 2 . Tissue staining confirmed the absence of infarction in these areas.
Stunned model evaluation
In the stunned model the WMA area was 5.49 ± 0.68 cm 2 at 20 min of occlusion and 5.1 ± 0.63 cm 2 after reperfusion (P = 0.07). PMD area was 2.43 ± 0.79 cm 2 during coronary occlusion and was reduced to almost zero (0.2 ± 0.53 cm 2 ) after reperfusion (P = 0.04) ( Figure 5 ). TTC staining confirmed the absence of necrotic myocardium in all dogs of the stunned model. Figure 6 demonstrates an example of normalization of perfusion with maintenance of WMA as observed in the stunned model. 
Interobserver variability
We observed excellent agreement between the measurements of two observers for PMD area detected by RTMCE during coronary occlusion (r = 0.91; P < 0.001), with a mean difference of -0.20 (-1.35 to 0.95). Excellent agreement between two observers was also obtained after reperfusion (r = 0.96; P < 0.001), with a mean difference of -0.03 (-0.40 to 0.34).
Discussion
Although some studies have demonstrated the usefulness of low-energy RTMCE to detect coronary stenosis and perfusional defects in the setting of acute myocardial ischemia (9, 10, 17, 18) , its value for the simultaneous evaluation of myocardial function and perfusion in experimental models of infarction has not been yet described. The present study showed for the first time the progressive changes that occur with myocardial function and perfusion during coronary occlusion and after reperfusion, distinguishing normally perfused, collateral-dependent and non-perfused myocardium. We demonstrated that RTMCE accurately measured the areas of stunned and infarcted myocardium and underestimated the risk area when comparing to tissue staining.
The final infarct size is directly related to the risk area, which is also dependent on the duration of the ischemic period, collateral flow and efficacy of reperfusion (19, 20) . Therefore, its measurement is an important parameter for clinical decisions in the setting of acute myocardial infarction. In the present study we observed that left anterior descending coronary artery occlusion resulted in a larger area of myocardial dysfunction than of perfusion defect in both models. A possible explanation for this result is the presence of collateral flow from adjacent vascular beds allowing some degree of myocardial perfusion in the margins of regions supplied by the occluded artery and decreasing the size of the risk area determined by RTMCE. This result is consistent with previous studies indicating that maturation of preexisting collateral vessels, as opposed to de novo growth of vessels, constitutes an early phase of collateral development in ischemic myocardium (21) (22) (23) ). Since we carried out the planimetry of perfusion defects by RTMCE only in the areas with total absence of myocardial contrast, regions with hypoperfusion surrounded the central ischemic area were not included in the PMD measurement. Although collateral-derived myocardial blood flow may not be adequate to maintain normal myocardial systolic func- Figure 5 . Wall motion abnormality (WMA) and perfusional myocardial defect (PMD) areas determined by real time myocardial contrast echocardiography at baseline, at 20 min of left anterior descending coronary artery (LAD) occlusion and after 30 min of reperfusion in the stunned model. After reperfusion there was maintenance of WMA area and reduction of PMD area to almost zero. *P < 0.05 for baseline vs LAD occlusion; + P < 0.05 for LAD occlusion vs reperfusion (ANOVA). tion distal to an occluded vessel, it may be sufficient to maintain viability for prolonged periods of coronary occlusion. Therefore, we should consider that the area with a perfusional defect during coronary occlusion as determined by RTMCE reflects the real area at risk for future necrosis.
In areas that are not supplied by collateral flow, prolonged coronary occlusion produces myocardial necrosis, leading to irreversible damage at the microvascular level (24, 25) . If coronary reperfusion is achieved, either spontaneously or by means of thrombolysis or angioplasty, a variable amount of myocardium can be salvaged. Previous studies have demonstrated that infarct-related artery patency and myocardial perfusion are not necessarily concordant in humans (26, 27) . Even with epicardial coronary reflow, myocardial perfusion may not be achieved (the lowreflow or no-reflow phenomenon) because of microvascular disruption, plugging by debris or myocardial edema (14, 28) . Thus, the ability to identify the presence or absence of myocardial perfusion by myocardial contrast echocardiography during the post-acute myocardial infarct period may offer important advantages over simple assessment of infarct-related artery patency during catheterization, and predicts left ventricular function and further remodeling (29) .
During the immediate period after acute infarction, the myocardium within the reperfused bed contains a mixture of both necrotic and stunned viable tissue (24) . In the present study we showed that after reperfusion the contractility remained altered, with maintenance of the WMA area determined by RTMCE as compared to the occlusion period. On the other hand, there was a significant reduction of PMD area with complete normalization of perfusion in the stunned model and maintenance of the perfusion defect only in necrotic areas in the infarct model. Therefore, RTMCE is a noninvasive method that allows simultaneous analysis of contractility and perfusion and was capable of demonstrating stunned (normal perfusion and maintenance of WMA) and infarcted tissue (absence of perfusion and depressed contractility). In the present study only three dogs presented discrete underestimation of infarct size by myocardial contrast echocardiography. One possible explanation for this result is that, because of the wave-front nature of myocardial damage following a prolonged period of ischemia, a mismatch between microvascular and myocyte necrosis can occur, resulting in areas of cellular death with relatively preserved perfusion. Irreversibly injured myocardium is generally associated with loss of microvascular integrity, which is proportional to the extension and severity of myocellular necrosis. In the poorly perfused areas, severe capillary damage and coagulation necrosis can be observed, but microvascular damage might also develop during reperfusion. Due to their ability to remain entirely within the intravascular space, microbubbles used as echocardiographic contrast agents are markers of blood flow and allow a noninvasive evaluation of microvascular integrity. However, when we analyzed all the dogs of the infarct model, there was no statistical difference between the infarct size predicted by RTMCE and that determined by TTC staining, showing that RTMCE can accurately measure the necrotic area.
Limitations
In the present study, risk area and infarct size were assessed by two-dimensional contrast echocardiography using a single tomographic plane, which was assumed to be representative of the whole left ventricle. We performed myocardial contrast echocardiography using only the apical longitudinal view in order to avoid posterior wall attenuation in the field farthest from the transducer that could occur when the short-axis plane is used. Consequently, the measurements ob-
tained by RTMCE and anatomy represent an estimation of the true measurement of the spatial extent of risk area or infarcted myocardium. However, previous experimental studies have validated the good agreement between echocardiographic measurements and anatomic findings of risk area as well as infarct size using the methodology employed in this study (20, 30) . The planimetry of WMA included areas with any degree of segmental wall motion, such as those presenting akinesia, hypokinesia or dyskinesia. We recognize that this approach does not consider qualitative changes in the segmental wall motion and could result in an underestimation of the improvement of wall motion after reperfusion. However, we noted that most segments presented akinesia soon after coronary occlusion that was maintained after reperfusion, without a significant change in the wall motion score index. In addition, we considered that a direct comparison between quantitative data of WMA and PMD was more suitable for the purpose of the study.
Another limitation is that visual assessment could lead to an overestimation of infarct size by RTMCE, which is based on the evaluation of myocardial replenishment after total destruction of microbubbles by a high emission power technique. Thus, borderline areas with some degree of residual perfusion could be interpreted as a contrast defect due to a late contrast replenishment.
In our study, infarct size was determined when there was full contrast replenishment of the normal areas but it is possible that borderline regions were included in the planimetry of contrast defect. Evaluation of myocardial blood flow by quantitative analysis could distinguish between areas with very low reflow and areas with no reflow.
Clinical implications
Main and co-workers (31) recently demonstrated in a small number of patients that full-motion myocardial contrast echocardiography and the power pulse inversion technique accurately predicted recovery of segmental function in patients with recent acute myocardial infarction. In the present study we demonstrate that RTMCE is a useful technique for visual assessment of stunned and infarcted myocardium. A rapid definition of the efficacy of reperfusion therapy as well as the extent of its residual microvascular damage has important implications for the treatment of acute myocardial infarction. It has been previously demonstrated that the presence of preserved microvascular flow in the post-reperfusion period is associated with a lower rate of fibrous scar and less ventricular remodeling (32) (33) (34) (35) . Thus the differentiation between stunned and infarcted myocardium by RTMCE has important clinical and prognostic implications.
